There is an increased interest in the development of high performance microwave shielding 
Introduction
The rapid growth of modern electronics equipped with highly integrated circuits has led to a new kind of pollution known as electromagnetic interference (EMI). EMI has emerged as an extremely serious problem affecting the functioning of electronic devices as well as causing harmful effects to the health of human beings. Therefore, shielding is required for protecting electronics associated with the strategic systems such as aircraft, nuclear reactors, transformers, control systems, communication systems, etc. from unavoidable severe electromagnetic radiations.
1 An EMI shield is needed to achieve the attenuation of electromagnetic radiations either by reflection or absorption and could be used to minimize the electromagnetic reflection from metal surfaces such as aircrafts, ships, tanks, electronic equipments and the walls of anechoic chambers through its dielectric or magnetic loss. 2 For a high performance EMI shield, lightweight and flexibility are two important technical requirements for applications in areas such as aerospace, aircrafts, automobiles, flexible electronics and wearable devices. 3 Typically, materials such as metals, different forms of carbon, e.g., graphite and its exotic forms such as flexible graphite, expanded graphite, single or multiwalled carbon nanotubes, carbon fibers, carbon black, reduced graphene oxide (RGO), graphene, conducting polymers, dielectric, magnetic materials and their composites have been widely used as EMI shields due to their high conductivity and good dielectric and magnetic properties. 4 However, metals have disadvantages like heavy weight, corrosion susceptibility and cumbersome processing methods which made these materials unsuitable for both the researchers and users. 5 On the other hand, carbon based
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composites have gained significant improvement as EMI shielding materials because of their low cost, facile synthesis and ease of processing.
1, [6] [7] [8] [9] [10] Graphene, a flat monolayer of carbon atoms tightly packed into a two dimensional honeycomb lattice, has acquired tremendous consideration owing to its unique properties such as remarkable structural flexibility, superior electrical conductivity, thermal stability and extraordinary mechanical properties 11 . Due to its superior in-plane properties, graphene and graphene like nanomaterials are promising candidates for many potential applications in many technological fields such as polymer nanocomposites, 12 supercapacitors, [13] [14] nanoelectronics, 15 energy storage devices, 16 batteries, 17 sensors, 18 and so forth. The excellent electrical properties and high specific surface area make graphene very promising for electromagnetic shields to absorb incident electromagnetic waves. 11 In the drive to develop efficient microwave absorbers and electromagnetic shields, graphene and graphene like materials integrated with inorganic nanostructures have received tremendous attention in recent years due to the rapid growth of electronic industry. 5, 10, 19 Graphene is highly desirable as an electromagnetic wave absorber at high frequencies over the gigahertz range due to its high dielectric loss and low density. 3 and ammonium hydroxide solution obtained from Qualigens (India) were used as received without further purification.
Synthesis of reduced graphene oxide
Graphene oxide (GO) was synthesized from natural graphite powder using an improved Hummer's method. 29 In a typical synthesis, 3g (1 wt. eq.) natural graphite powder was added to the reaction flask containing homogeneous mixture of H 2 SO 4 (360ml) and o-H 3 PO 4 (40ml) under vigorous stirring, immersed in an ice bath. After achieving uniform dispersion of graphite powder, 18g (6 wt. eq.) KMnO 4 was added slowly into the reaction flask producing a slight exotherm to 35°-40°C. The slurry formed was then heated to 50°C and stirred for 20 h. The solution was diluted in ice cold DI water (400ml) followed by addition of H 2 O 2 (10ml) at room temperature. The mixture was washed repeatedly by centrifugation till pH 7 was attained. To remove the metal ions, HCl was used during centrifugation. The final product was recovered with ethanol and dried at 60°C in a vacuum oven. The dried GO powder was quickly inserted The molar ratio of citric acid to total moles of nitrate ions was fixed at 1:1. Ammonia solution was slowly added to adjust the pH at 7. Finally the mixed solution was allowed to evaporate to dryness by heating at 100 °C on a hot plate with continuous vigorous stirring. As water evaporated, the solution became viscous and finally formed a very viscous brown gel. With continuous heating on the hot plate and increasing the temperature to about 200 °C, the gel bubbled up and automatically ignited with glowing flints. The auto ignited dried gel was burnt in a self propagating combustion manner until all of it was completely burnt out to form a browncolored loose powder. The as-burnt powder was calcined at 900 °C for 2h in air to get the barium ferrite phase.
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Synthesis of barium ferrite/reduced graphene oxide nanocomposites
The as-prepared reduced graphene oxide and barium ferrite were used as raw materials for the ball milling. With a ball to powder mass ratio of 10:1, 1.5 g of BaFe 12 O 19 and 1.5 g of RGO,
stainless steel balls (Φ=10 mm) were introduced into a vial mounted on a Retsch "PM-400" high energy planetary ball mill. The mixture was ball milled at 400 rpm at room temperature under air atmosphere for 4 h. 
Characterization Techniques
The powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advanced diffractometer employing a scanning rate of 2°/min in a 2θ range from 5° to 70° with Cu Kα radiation (λ=1.5418Ǻ). Thermogravimetric analyzer (Mettler Toledo TGA/SDTA 851e) was used to measure the thermal stability of the composite under inert atmosphere (flowing N 2 gas) in the temperature range 25°-900°C at a heating rate of 10°C/min. Raman spectra were recorded on a Renishaw inVia reflex Raman spectrometer, UK with an excitation source of 514.5 nm. The resolution of the instrument was less than 1.0 cm -1 . Fourier transform infrared spectroscopy (FTIR) analysis was performed at room temperature using a Nicolet 5700 spectrometer in transmission mode in the wave number range 400 -4000 cm -1 . The spectroscopic grade KBr pellets were used for collecting the spectra with a resolution of 4 cm -1 , performing 32 scans. The magnetic properties were measured using a vibrating sample magnetometer (VSM) (7304 Lakeshore, USA). The M-H measurements were performed with an applied field range of ±6000
Oe at room temperature. High resolution transmission electron microscopy (HRTEM) was carried out using a Techanai G 2 F20, USA operating at an accelerating voltage of 300 kV, having a point resolution of 0.2 nm and a lattice resolution of 0.14 nm. 
Here, it is noted that the absorption coefficient is given with respect to the power of the incident electromagnetic wave. If the effect of multiple reflections between both interfaces of the material is negligible, then the relative intensity of the effectively incident electromagnetic wave inside the material after reflection is based on the quantity (1 -R). Therefore, the effective absorbance (A eff ) can be described as A eff = A / (1 -R) with respect to the power of the effective incident electromagnetic wave inside the shielding material. Absorption efficiency (AE) was obtained using the relation of AE=A / (1-R) × 100%. The electromagnetic attributes, dielectric and 24 This is consistent with the results calculated from XRD analysis, Fig. 4 (a) . The reduction of GO was confirmed by the absence of the peak at 2θ=12.15º and appearance of broad diffraction peak at 2θ= ~24 º ascribed to the (002) reflection plane of graphene suggesting that the oxygen functionalities have been removed and GO is effectively reduced to graphene. 
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Where D is the average crystallite size of nanoparticles, k is the shape factor, λ is the X-ray wavelength, θ is the half angle in degrees and β is the full width at half maximum. The value of k is often assigned a value of 0.89, which depends on several factors, including the Miller index of the reflecting plane and the shape of the crystal. 34 The (114) Fig. 4(c) ). BaFe 12 O 19 , with exceptionally high thermal stability, showed no weight loss over the entire range of temperature. For GO, the mass loss process can be divided into three
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Physical Chemistry Chemical Physics Accepted Manuscript stages as: below 150 °C ascribed to the evaporation of adsorbed water, from 150 °C to 400 °C attributed to the removal of the labile oxygen containing functional groups and between 400 °C to 700 °C assigned to the decomposition of more stable oxygen functionalities indicating pyrolysis of the carbon skeleton of the GO. 37 In case of RGO, the mass loss is only about 5% up to 300°C because most of the functional groups are removed during reduction leading to the improvement of the thermal stability of the sample. The decrease of the saturation magnetization can be attributed to the existence of the non magnetic RGO. The ferrite is shown to be a ferromagnetic phase while RGO is nonmagnetic. 
Shielding effectiveness and dielectric measurement
In previous reports, it is well established that moderate conductivity (0.001 -10 S/cm) is required for improving the microwave absorption and good magnetic properties for enhancing the magnetic losses in the shield 39 As can be seen from the results, the barium ferrite decorated reduced graphene oxide composite possesses both characteristics as moderate electrical conductivity (0.98 S/cm) and good magnetic properties. Hence, one would expect that the new, ingeniously synthesized composite could potentially be used in EMI shielding application.
Barium ferrite and reduced graphene oxide have been primarily proved for microwave shielding. For a shielding material, total SE = SE R + SE A + SE M ,
where SE R , SE A and SE M are shielding effectiveness due to reflection, absorption and multiple reflections, respectively. The EMI SE of a material can be written mathematically as
where symbol P, E and B stands for power, electric and magnetic field intensity. The subscript T and I used for the transmitted and incident wave on the shield, respectively. The correction term SE M can be ignored in all practical applications when SE >10 dB 41 , as
In equation 6, the first term is related to the reflection of the electromagnetic wave and contributes as the SE due to reflection. The second term expresses the loss due to the absorption of the wave when it passes through the shielding material. Dependence of SE on dielectric properties and magnetic properties can be expressed as 
where ߪ depends on the dielectric properties ሺߪ =߱ε 0 ε") of the material, ߱ is the angular frequency (߱ = 2ߨf) , ε is the free space permittivity, and ߤ is the relative magnetic permeability of the sample.
Equation 7 and 8 reveal that with the increase in frequency, the SE R value decreases while the contribution of SE A increases. Reflection loss (SE R ) is the result of interaction of conducting particles in the conducting material and electromagnetic field and it has a relationship with the value of (ߪ / ߤ ሻ, which shows that for the larger conductivity of the material and smaller magnetic permeability there will be larger reflection loss. On the other hand, absorption loss, (SE A ) is caused by the heat loss under the action between electric dipole and /or magnetic dipole in the shielding material and the electromagnetic field so that the absorption loss is a function of the product ߪ ߤ . This indicates that for the higher absorption loss the material should not only have the higher electrical conductivity but also higher magnetic permeability.
It is convenient to express SE R and SE A in terms of the reflectance −10 log (1 -R) and effective absorbance −10 log (1 -A eff ) in decibel (dB), respectively and can be expressed in the following equation 42 as
and 
For a material, the skin depth (ߜሻ is the distance up to which the intensity of the electromagnetic wave decreases to 1/e of its original strength. The skin depth is related to angular frequency, relative permeability and total conductivity ߪ ் = ߪ ௗ + ߪ . Fig. 6(a) shows the variation of total SE with frequency for different thickness samples while with increase in thickness in the whole frequency range. A value of 32 dB (SE T ) was achieved at a critical thickness of 3 mm. This value is higher as compared to shield prepared using reduced graphene oxide and as synthesized barium ferrite at 3 mm thickness as shown in Fig S2 (see   supplementary information) . A shield of thickness ~3 mm is sufficient to provide the SE greater than the limit (30 dB) required for techno-commercial applications as shown in Fig. 6(d) . For the as-synthesized barium ferrite decorated reduced graphene oxide composite, the total SE is conquered by the absorption (27 dB) while the SE due to reflection (5 dB) contributes partially.
Earlier reports on the EMI shielding and microwave absorption show that EMI SE increase linearly with the increase in thickness. The as synthesized barium ferrite decorated reduced graphene oxide composite shows absorption efficiency more than 99.8% (Fig. 6(c) ) which means most of the EM energy incident on the shield attenuates and dissipated in the form of heat energy.
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Physical Chemistry Chemical Physics Accepted Manuscript Fig. 6(e) . It is proposed that the barium ferrite decorated reduced graphene oxide composite show higher values of ε´ and ε˝ due to conducting reduced graphene oxide which may enhance the conductivity of the composite and electric polarization because the relative complex permittivity is a measure of the polarizability of a material which induces dipolar and electric polarization during the activation by an EM wave. The contribution to the space charge polarization appears due to the heterogeneity of the material. In heterogeneous dielectrics, the accumulation of virtual charges on the interface of two media having different dielectric constant, ε 1 ʹ and ε 2 ʹ and conductivities σ 1 and σ 2 respectively, lead to interfacial polarization and is known as Maxwell-Wagner polarization 43 . The ratio of the imaginary to the real part (εʺ/εʹሻ is the 'dissipation factor', which is represented by tanδ, where δ is called as "loss angle" denoting the angle between the voltage and the charging current. The observed tan δ E is always greater than 0.6 in the entire frequency range indicating that the dielectric loss occurs in all frequency ranges.
The values of µ´ are in the range of 0.57 -0.45, meanwhile, the values of µ˝ are in the range of 0.17 -0.06. Dielectric tangent loss (tan δ E = ε˝/ε´) and the magnetic tangent loss (tan δ M = µ˝/µ´) of barium ferrite decorated reduced graphene oxide composite are also calculated using the permittivity and permeability parameters of the samples and presented in Fig. 6 (f) . The presence of high permeability material like barium ferrite lowers the εʹሺ ωሻ and enhances the impedance matching by improving the equality of εʹሺ ωሻ = μ′ ሺ߱ሻ which is a necessary condition for maximum attenuation of EM wave. Notably, two humps were observed in tan δ E (shown in Fig. 6(f) ) which proposed that the two main phenomena are responsible for dielectric losses. These may be interfacial polarization between RGO sheets and barium ferrite nanoparticles and high anisotropy energy of the nanocomposite. The high anisotropy energy may be ascribed to EM wave incident perpendicular to the RGO plane (as shown in Fig. 7 ). 44 Similarly, two humps observed in the tan δ M could be assigned to the natural resonances due to the small size effect of nanodimension barium ferrite and eddy currents during the activation by an EM field. These results suggest that barium ferrite decorated reduced graphene oxide composite has distinct dielectric and magnetic loss properties.
Furthermore, the existence of residual defects/groups in RGO sheets and multiple reflections within the shield enhances the microwave shielding ability of the composites. A clear demonstration of the shielding mechanism as discussed above is given in Fig.7 . From all the above discussion, barium ferrite decorated reduced graphene oxide nanocomposite with minimal thickness 3 mm could be potentially applied for microwave shielding in radar frequency range.
There is a further scope to study other two dimensional materials in place of RGO such as boron nitride nanosheets which has been found as a potential candidate for a variety of applications.
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Conclusion
In summary, barium ferrite decorated reduced graphene oxide nanocomposite has been successfully prepared using high energy ball milling. The structure and morphology of the assynthesized nanocomposite were characterized by XRD, FTIR, VSM, Raman, SEM and TEM.
The decoration of magnetic barium ferrite on the reduced graphene oxide sheets has been clearly seen in high resolution transmission electron microscopy. The total EMI shielding effectiveness of barium ferrite decorated graphene nanocomposite is achieved upto 32dB in Ku band frequency range . This value of shielding effectiveness crossed the limit of requirement for commercial applications and these nanocomposites are capable aspirants for making futuristic radar absorbers.
